Introduction
Anaerobic digestion is a well-established technology that improves the sustainability of wastewater treatment. In a typical wastewater treatment plant (WWTP), sludge produced in primary sedimentation and the activated sludge (AS) processes are dewatered and sent to the anaerobic digester (AD). During anaerobic digestion, complex and particulate organic compounds are hydrolyzed to soluble fermentable substrates, which are then fermented by acetogenic and acidogenic bacteria to acetate, carbon dioxide (CO 2 ), and hydrogen gas (H 2 ).
These simple fermentation products are utilized by methanogens to produce methane gas (CH 4 ).
Anaerobic digestion offers two major benefits: production of CH 4 , which can be used to generate heat and electrical energy, and solids hydrolysis, which reduces the amount of biosolids for disposal. An AD's performance is highly influenced by its solids retention time (SRT), which is the reciprocal of the net specific growth rate of active biomass in the system (Rittmann and McCarty, 2001) . SRT is computed as the ratio of active biomass in a system divided by the net production rate of active biomass.
AD performance is significantly affected by SRT for three reasons. First, the slowgrowing methanogens require a relatively long SRT to maintain stability without washout (Rittmann and McCarty, 2001 ). Loss of methanogens precludes stabilization of COD to CH 4 and leads to digester failure due to acidification. Second, hydrolysis of complex and particulate organic substrates is generally considered the rate-limiting step in anaerobic digestion. Several studies have documented increased extents of hydrolysis at longer SRTs Extracellular polymeric substances (EPS) and soluble microbial products (SMP) are important in AS and AD processes. As described by the unified theory of Rittmann (2002a, 2002b) , EPS are solid-phase, organic polymers produced by active biomass during metabolism. EPS are located outside the cell and perform several critical roles, including causing adhesion, stabilizing of floc and biofilm structures, forming a protective barrier to harmful substances, preventing desiccation, and accumulating hydrolytic enzymes. SMP are soluble organic compounds excreted by active biomass during substrate utilization and decay.
SMP are composed of two types: utilization-associated byproducts (UAP), which are directly excreted from the cell, and biomass-associated byproducts (BAP), which are produced from hydrolysis of EPS. Ni et al. (2011) summarized the significant research in the last decade that has elucidated the mechanisms underlying EPS and SMP. For example, SMP produced by autotrophs can be substrate for heterotrophs (Ni et al., 2011) , which, in turn, provide inorganic carbon for utilization by autotrophs.
SRT also is important for the fates of EPS and SMP. EPS hydrolysis and, therefore, BAP production are controlled by slow first-order hydrolysis kinetics, which a long SRT promotes (Ni et al., 2011) . The relatively slow kinetics for BAP biodegradation often results in a majority of effluent soluble COD (SCOD) being comprised of BAP, particularly for long SRT (Jarusutthirak Siemens Water Technologies (SWT) developed and pilot tested a hybrid process that links typical AS processes with AD in a novel manner by recycling around 85% of the AD sludge back to the AS system. By comparison, a conventional process does not recycle AD sludge to the AS processes. The sludge recycling creates a constant exchange of biomass between the AD and AS components, thereby creating a system that is a hybrid of aerobic and anaerobic processing. The hybrid process strives to increase CH 4 production and decrease net sludge production. As presented in Young et al. (2013) , two pilot hybrid processes were operated in parallel with a conventional process. The hybrid processes demonstrated 1.5 to 5.5 times more CH 4 production in the AD and overall sludge-yield decreases of 39 to 96% versus a conventional process. These trends occurred because the actual AD SRTs in the hybrid system were much higher than the AD SRT of the conventional process due to AD sludge recycle. The longer AD SRTs allowed a greater extent of hydrolysis in the AD and, therefore, more COD stabilization as CH 4 in the AD.
With AD sludge recycle in the hybrid process, fermenters and methanogens are recycled throughout the system. Thus, fermentation and methanogenesis may occur in any part of the system, and Young et al. (2013) found methanogens in all parts of the hybrid and conventional systems they evaluated. Fermenters and methanogens may be especially important in the clarifier and sludge thickener, which normally are perceived as having little COD consumption (Metcalf & Eddy, Inc., 2003).
Since most settlers and thickeners are not designed for CH 4 capture, production in the settlers and thickeners is troublesome for two reasons. First, the valuable energy resource is lost.
Second, the CH 4 is instead released to the atmosphere, where it is a greenhouse gas 21 times more potent than CO 2 (U.S. Energy Information Administration, 2010).
In this work, the Combined Activated Sludge-Anaerobic Digestion Model (CASADM), a mechanistic mathematical model that applies the unified theory of EPS and SMP utilization to describe an AS+AD WWTP, is presented and demonstrated using the hybrid and conventional processes pilot tested by SWT. First, the key features of CASADM are presented. Then, CASADM is applied to illustrate the impacts of those features to an example that quantifies and explains how AD sludge recycle affects the actual AD SRT and AD performance, effluent COD from the WWTP, and the production of CH 4 throughout the entire WWTP.
Material and methods

Modeling system and approach
CASADM is multispecies, nonsteady-state mathematical model specifically developed to describe the performance of the hybrid and conventional processes illustrated in Figure 1 . Both processes contain reactors common to AS treatment (anoxic tank, contact tank, clarifier, and stabilization tank) and AD (sludge thickener and anaerobic digester). The hybrid process differs in one major way from the conventional process: the exchange of biomass from the anaerobic system to the activated sludge process. In the conventional process, WAS is sent from the clarifier to the sludge thickener and AD, from which it is wasted from the system. While the AD sludge recycle rate can be varied, SWT targeted an AD sludge recycle in the hybrid process of rate of around 85% to the stabilization tank in the activated sludge process. ). Two gas-phase compounds are considered: nitrogen (N 2 ) and CH 4. While ADM includes H 2 production and consumption (Batstone et al., 2002) , CASADM is consistent with Aquino and Stuckey (2008) by omitting H 2 production during fermentation and consumption by hydrogenotrophic methanogens. To balance the electron equivalents in fermentation reaction without H 2 , CASADM assumes that acetate is the only electron-containing product produced during fermentation. On the one hand, stoichiometric and kinetic relationships for H 2 production are undefined for SMP and EPS. On the other hand, the consumption of H 2 normally is so rapid that it does not accumulate to a significant level.
In terms of mechanisms, CASADM includes hydrolysis of PCOD and EPS; aerobic biodegradation of SCOD, acetate, and SMP; two-step nitrification; denitrification; fermentation; and methanogenesis. Since kinetics for each of these mechanisms are established, the sources for modeling approaches are briefly reviewed in the next paragraph, and the stoichiometry matrix However, AD sludge recycle has the potential to increase the overall system SRTs, making hydrolysis an important mechanism in all parts of the hybrid process. 6) The liquid content of each tank is well buffered so that pH inhibition can be neglected. While CASADM was specifically designed to model the hybrid and conventional processes, the stoichiometry matrix provided in Appendix A.3 is easily modified to describe a variety of AS, AD, and AS+AD systems by establishing the mass balance equations for the each tank and the overall system, as illustrated in Appendix where V is the volume of the tank (L 3 ), Q in and Q out are the influent and effluent volumetric flow rates (L 3 /t), respectively, to the tank, and X in , and X out are the influent and effluent and active biomass concentrations (M/L 3 ), respectively. For tanks with net biomass growth, the denominator of Eqn. 1 is positive, and, therefore, the SRT is positive. As biomass decay becomes predominant, the difference between influent and effluent concentrations decreases, and net biomass growth approaches zero. When net biomass growth becomes negative, the denominator and SRT are negative, and the system experiences net biomass decay.
In 
where Q in is the digester influent flow rate, which is the same as the wasted sludge rate Q w . The SRT AD value is the smallest possible positive value, since it neglects input active biomass.
The SRT in a hybrid system is less straightforward, since some or all of the anaerobic biomass recycled from the AD to the stabilization tank reenters the AD. Thus, the net rate of active biomass leaving the AD is less than the total biomass-removal rate from the AD, since the AD has input active biomass. This makes the actual SRT larger than the nominal SRT from Eqn. 2 (Rittmann, 1996; Rittmann and McCarty, 2001 ). For the hybrid system AD, the SRT considering input active biomass is SRT VX Q e X e Q w X w fQ e X e 3
where Q e and Q w are the effluent volumetric flow rates (L 3 /t); X, X e , and X w are the mixedliquor, effluent, and wasting sludge biomass concentrations (M/L 3 ), and f is the fraction of the recycled AD biomass that returns to the AD after passing through the aerobic portions of the hybrid process. If all the anaerobic biomass returns to the AD in active form (i.e., f = 1), the AD SRT takes its maximum value:
If only some of the recycled anaerobic biomass re-enters the digester in an active form (i.e., 0 < f < 1), the hybrid configuration increases the AD SRT to a value between those given in Eqns. 2 and 4. It is possible that input of active biomass to the AS section from the influent or growth of active biomass in the AS section increases the active biomass that is input to the AD, compared tobthat recycled from the AD; in this case, f > 1.
Modeling Strategy
CASADM applies non-steady-state mass balances to each tank, as well as to the overall system. Assuming a completely mixed system with only liquid flows crossing the boundary, 5 is the form of the mass-balance for any soluble or solid component:
where V is the volume of the tank ( 
Using CASADM to determine specific reaction rates
One of the unique features of CASADM is that it allows straightforward quantification of reaction rates for any mechanism. With MATLAB, the individual reaction rates for all components and mechanisms can be computed for each tank and exported to a matrix that provides each reaction rate for each tank. This output can be converted a biomass-specific rate 
Results and Discussion
CASADM was run in MATLAB for the process configurations in Figure 1 and the operating conditions summarized in Table 1 . To highlight key trends, the results are divided into five sections. The first section summarizes the overall TCOD removal from each system and addresses what controls effluent quality. The second section discusses the fate of nitrogen in each system. The third section presents the actual SRTs for the different types of biomass around the WWTP. Since CH 4 production and sludge reduction in the AD are key features of the SWT process, the fourth section provides a detailed discussion of AD performance. Finally, the settlers' performance is described in ways that are unique to CASADM.
Overall TCOD Removal and Effluent Quality
Percent removal of TCOD, determined from (Table 1) and from recycled AD sludge, acetate's occurrence signals that fermentation is occurring throughout the aerobic portions of each WWTP. Acetate accumulation in the aerobic compartments means that the HRT of 2.4 hr in the combined anoxic tank, contact tank, and clarifier is too short to allow its full oxidation, even though acetate is readily biodegradable.
After acetate, the next largest fraction of effluent TCOD is BAP: 33% of effluent TCOD in the hybrid process and 22% in the conventional process. The relatively high concentration of BAP in the effluent comes from hydrolysis of EPS, which is accentuated by a longer SRT in the hybrid process (quantified below). For all cases, UAP and SCOD are relatively small fractions of the effluent TCOD.
Nitrogen Removal
Major N-transformation rates are summarized in Table 2 , and Figure , nitrification and denitrification rates are minimal, and Table 2 shows that a majority of each system's N 2 production is in the stabilization tank, not in the anoxic tank. (Table 2) . Heterotrophs simultaneously denitrify most of the NO 2 -to N 2 , due to DO inhibition being incomplete at 4 mgDO/L. In comparison, the amount of NO 2 -denitrified in the anoxic tank is 75% less than that in stabilization tank, because 95% of the NO 2 -produced in the stabilization tank is denitrified there, rather than being sent to the anoxic tank.
Biomass SRTs
Thus, the combined effects of negative NOB SRTs, AOB SRTs approaching washout, and NO 2 -competition from heterotrophs causes nitrification to be minimal in both systems.
In both systems, fermenters demonstrate positive SRTs in the clarifier and sludge thickener. In the conventional process, fermenters SRTs are 2 and 4 days in the clarifier and sludge thickener, respectively, which are 3 times faster than specific growth rates in the hybrid clarifier and sludge thickener. However, fermenter concentrations are 3.5-fold higher in the hybrid clarifier and 2.5-fold higher in the sludge thickener versus the conventional WWTP.
Methanogens demonstrate positive SRTs in the sludge thickener and clarifier of both
WWTPs and the AD of the conventional process. Methanogens have 3-and 5-day SRTs in the conventional clarifier and sludge thickener, respectively, and 8-and 10-day SRTs in the hybrid clarifier and sludge thickener, respectively. The settlers' small specific growth rates indicate that a majority of methanogen growth occurs in the clarifier and sludge thickener. Thus, the ADs receive significant inputs of methanogens, which causes them to have slow or negative growth in the ADs. The conventional AD's methanogens' SRT is 68 days, and the methanogens' SRT in the hybrid process is -89 days, a result of more methanogen input due to AD sludge recycle. The shift of the AD SRT to negative in the hybrid process reflects the combined effect of the influent methanogens and fermenters and the recycling of AD biomass. As summarized in Table 2 , methanogens in the hybrid AD decay at a rate of 11.6 mg VSS/L-d, while they grow at 9. Although more CH 4 is produced in the hybrid process's AD, the amount of TCOD converted to CH 4 in the AD is fairly low for both systems: the hybrid process converts 35% of the influent COD to CH 4 , and the conventional process converts 28% (Table 2) . Thus, most of the influent TCOD is removed in other tanks, including methanogenesis in the AS sections of each system and the thickener (addressed below). 
Settlers as Sources of Methane Production
The high levels of acetate in the clarifier effluent ( Figure 2 ) suggest that fermentation and methanogenesis are active in the settlers. This section delves into phenomena affecting fermentation and methanogenesis in the settlers, beginning with SRT and its effect on the availability of hydrolysable substrate in each settler. From this, COD utilization and consumption are examined, as well as their effects on fermentation and CH 4 production.
SRT analysis in the settlers confirms positive SRTs for fermenters and methanogens and negative SRTs for all other biomass (Table 3 ). This means that these two types of anaerobic microorganisms are net growers in the settlers, converting various forms of SCOD to acetate and CH 4 . While the net acetate production rates in the hybrid clarifier and sludge thickener are 30%
and 45%, respectively, of the rates in the comparable conventional tanks, methanogens in the hybrid process consume 47% and 79% of the acetate produced in the clarifier and sludge thickener, respectively, versus the 4% and 50%, respectively, in the conventional process.
Fermentation and methanogenesis are enhanced in the hybrid process due to increased solids hydrolysis as a result of AD sludge recycling that builds up certain biomass concentrations. Figure 3a demonstrates that, regardless of process configuration, the concentrations of heterotrophs, AOB, NOB, and PCOD are essentially the same in the settlers, resulting in essentially the same rates of hydrolysis for these components in each system ( Figure   3b ). However, EPS concentrations in the hybrid are 40% higher in the sludge thickener and 47%
higher in the clarifier than in the corresponding conventional tank (Figure 3a ) due to AD sludge recycle. With hydrolysis being first order, the higher concentrations of EPS in the hybrid process lead to 40% more BAP in the hybrid sludge thickener and 47% more in the clarifier.
Therefore, fermenters can consume BAP faster in the hybrid clarifier and sludge thickener than in the conventional tanks.
Greater EPS hydrolysis and BAP production in the hybrid process leads to greater activebiomass concentrations, acetate production, and CH 4 production. As illustrated in Figure 3a , fermenter and methanogen concentrations are 4 and 11 times higher, respectively, in the hybrid clarifier and 2 and 4 times higher, respectively, in the hybrid sludge thickener than in the same tanks in the conventional process. As illustrated in Figure 4a , hybrid-process fermenters produce Figure 4b illustrates that the greatest consumption of COD occurs in the AD, and this is accentuated in the hybrid process, which has a higher CH 4 production rate (Table 2 ). In the hybrid process, the next greatest TCOD removals occur in the sludge thickener and clarifier.
These TCOD-removal trends correspond with significant amounts of CH 4 being produced in the sludge thickener of both systems and in the hybrid process's clarifier ( Table 2 ). The sludge thickener and clarifier generate 27% of the total CH 4 produced in the hybrid system, while they account for 17% of the total CH 4 production in the conventional process. CH 4 production outside the AD is a significant drawback in two ways: (1) the energy value of CH 4 is lost to the WWTP since it is rarely captured outside the AD, and (2) CH 4 is a potent greenhouse gas 21-fold more potent than CO 2 that should not be discharged to the atmosphere (U.S. Energy Information Administration, 2010). While it may be reasonable to retrofit or design clarifiers and sludge thickeners to capture biogas, it may be more cost effective to change operating conditions to minimize CH 4 production there.
Conclusions
CASADM illustrates why AD sludge recycle significantly increases AD CH 4 production and decreases sludge wasting, compared to conventional processes, even though impacts on effluent COD and N are small. These benefits are caused by increasing retention of methanogens, fermenters, hydrolysable PCOD, and EPS, which make the actual AD SRT much larger than the nominal SRT. In this example, the hybrid AD actually has a negative actual SRT for methanogens. CASADM also reveals that the thickener and clarifier produce significant amounts of uncaptured CH 4 , an effect accentuated in the hybrid process due to recycling of fermenters and methanogens throughout the system.
Acknowledgements
We 
